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Abstract

Objective: Leukodystrophies are a diverse group of rare inherited disorders

that affect the white matter of the central nervous system with a wide pheno-

typic spectrum. We aimed to characterize the clinical and genetic features of

leukodystrophies in a central-southern Chinese cohort. Methods: A cohort of

16 Chinese probands with leukodystrophy was recruited and performed genetic

analysis by targeted panels or whole-exome sequencing. Further functional anal-

ysis of identified mutations in the colony stimulating factor 1 receptor (CSF1R)

gene was explored. Results: A total of eight pathogenic variants (3 novel, 5

documented) were identified in genes including AARS2, ABCD1, CSF1R, and

GALC. Common symptoms of leukodystrophy such as cognitive decline, behav-

ioral symptoms, bradykinesia, and spasticity were observed in mutation carriers

as well as other rare features (e.g., seizure, dysarthric, and vision impairment).

Overexpressing CSF1R mutants p.M875I and p.F971Sfs*7 in vitro showed pro-

nounced cleavage CSF1R and suppressed protein expression, respectively, and

reduced transcripts of both mutants were observed. CSF1 treatment revealed

deficient and suppressed CSF1R phospho-activation with the mutants. In con-

trast to the plasma membrane and endoplasmic reticulum (ER) localized wild-

type CSF1R, M875I mutant showed much less membrane association and

greater detainment in the ER, whereas F971Sfs*7 mutation led to aberrant non-

ER localization. Both mutations caused suppressed cell viability, which was par-

tially resulted from deficient/suppressed CSF1R-ERK signaling. Interpretation:

In summary, our findings expand the mutation spectrum of these genes in leu-

kodystrophies. Supported by in vitro validation of the pathogenicity of hetero-

zygous CSF1R mutations, our data also provide insights into the pathogenic

mechanisms of CSF1R-related leukodystrophy.

Introduction

Leukodystrophies are a diverse group of rare inherited dis-

orders that affect the white matter of the central nervous

system (CNS) with a wide phenotypic spectrum. It usually

affects infants and young children, but individuals with this

disease can also develop symptoms until adulthood.1 Clini-

cal manifestations of adult-onset leukodystrophy consist of

neuropsychiatric and cognitive changes, spasticity, ataxia,

seizures, as well as visual and hearing problems.2 Magnetic

resonance imaging (MRI) often shows bilateral white mat-

ter changes in patients with leukodystrophy, although the

imaging pattern may vary greatly depending on the severity

and time course of the disease.3 The diagnosis of leukodys-

trophy remains challenging because of the diversity of

genetic etiologies and high heterogeneity in its clinical and

radiological phenotypes.

Leukodystrophies can be inherited in an autosomal

dominant, autosomal recessive, and X-linked, or they

may also occur spontaneously with de novo mutations.
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With the application of next-generation sequencing

(NGS), a growing number of studies have identified spe-

cific genes in association with leukodystrophy and unra-

veled the complex genetic architecture of this disease.4

More than 60 genes linked to leukodystrophy or genetic

leukodystrophy have been discovered to date,5,6 but still

nearly half of the patients with leukodystrophy remain

undiagnosed.7 Despite the broad clinical spectrum of leu-

kodystrophy with multiple genes involved, the specific

phenotype of these condition is strictly determined by the

genetic changes and altered cell function. Many studies

have explored the possible genotype–phenotype correla-

tion in some of the specific types of leukodystrophy, such

as metachromatic leukodystrophy,8 vanishing white mat-

ter disease,9 and CSF1R-related leukodystrophy,10 but

unfortunately, no clear pattern of genotype–phenotype
relationship was well-established in leukodystrophies.

Analysis of genotype–phenotype correlation in leukodys-

trophy may help in the early identification of additional

modifier genes and in the development of disease-

modifying treatment strategies for leukodystrophy.

There are still very few reports on genetic analysis of

leukodystrophy patients in central-southern China. In this

study, we applied whole-exome sequencing and targeted

panels in a cohort of patients with leukodystrophy from

central-southern China and analyzed the clinical features

and genetic characteristics. In support, in vitro functional

analysis demonstrated that CSF1R variations lead to aber-

rant protein expression, processing, localization, dimin-

ished/suppressed CSF1R-ERK signaling, and ultimately

inhibited cell viability.

Materials and Methods

Study population

This cohort consisted of 16 patients clinically diagnosed

with leukodystrophy or genetic leukoencephalopathy, 8

males and 8 females, aged from 19 to 70 years. All patients

were of central-southern Han Chinese origin and were

recruited consecutively between September 2017 and

March 2022 from the Neurology Department of Wuhan

Union Hospital. Written informed consent was obtained

from all participants. This study was approved by the ethics

committee of Wuhan Union Hospital. All affected patients

were evaluated by at least two neurologists and diagnosed

according to the criteria recommended by the Global Leu-

kodystrophy Initiative (GLIA) Consortium.11 Brain mag-

netic resonance imaging (MRI) was performed to identify

white matter lesions and atrophy. The plasma very long

chain fatty acids (VLCFAs) analysis, was also tested. Elec-

troencephalography (EEG), visual evoked potential (VEP),

and cerebrospinal fluid (CSF) were performed as well.

Genetic analysis

Genomic DNA was extracted from peripheral blood sam-

ples by reference to a standard DNA extraction method.

Comparative analysis of whole-exome sequencing and tar-

geted panels comprising 93 genes currently associated

with genetic leukodystrophies and other related disorders

were performed. Sequencing was performed using Illu-

mina Hiseq2000/2500 system as described previously.12

Sanger sequencing was used to validate the variants after

variants calling and filtering. Co-segregation analysis was

further performed to assess the variants validated by

Sanger sequencing.

Construction CSF1R-expressing vector and
mutagenesis

Human CSF1R (NM_005211) cDNA clone was purchased

from Youbio biotechnology (Changsha, China). The frag-

ment of CSF1R coding sequence was amplified and was

subcloned into pcDNA3.1-FLAG vector using EcoR1 and

Xho1 restriction sites and seamless cloning kit (D7010S,

Beyotime biotechnology). PCR amplification was used to

induce site-directed mutagenesis (M875I) and frameshift

mutagenesis (F971Sfs*7) of CSF1R-. Insertion was then

subcloned into pcDNA3.1-FLAG vector using EcoR1 and

Xho1 restriction sites and seamless cloning kit. All clones

were validated by Sanger sequencing.

Cell culture and transfection

HeLa and HEK293T cells were maintained at 37°C (5%

CO2) in Dulbecco’s modified eagle medium supplemented

with 10% fetal bovine serum and 1% penicillin–
streptomycin (10,000 U/mL). Cells were plated onto

plates/dished/wellplates for 18–24 h before transfection at

70%–80% confluence or onto coverslips as required. Plas-

mids and control vector (pcDNA3.1-FLAG) were trans-

fected using polyethylenimine (PEI, Polyscience). The

transfection mixture was incubated at room temperature

for 20 min before being added into each well. Cells were

harvested at 24 h post-transfection. For CSF1 treatment,

the culture medium was replaced with serum-free

medium 12 h after transfection, and 12 h later, human

CSF1 (MCE, HY-P7050A) was applied at 100 ng/ml final

concentration for indicated period before harvest.

Immunoprecipitation and western blotting

Transfected and treated cells were immediately washed

with cold PBS and lysed in lysis buffer (Beyotime

Biotechnology, P0013). Anti-FLAG antibody (Beyotime

biotechnology, AF0036, 1:80) and protein A/G magnetic
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beads (MCE) were incubated with the lysate at 4°C over-

night. Immunoprecipitates were washed and boiled in 29

Laemmli sample buffer (Bio-Rad) followed by heat dena-

turation and western blotting. For routine western blot-

ting, cells were lyzed in 29 Laemmli sample buffer

followed by sonication and heat denatured at 95°C for

5 min before loading onto SDS-PAGE gels. Transferred

nitrocellulose membranes were blocked and then reacted

with primary antibodies overnight at 4°C under gentle

rocking. Primary antibodies are as follows: anti-pan

p-Tyrosine (clone PY20) antibody (Millipore, 05-947,

1:2000 dilution), anti-FLAG antibody (Beyotime biotech-

nology, AF519-1, 1:2000 dilution), anti-Actin antibody

(Proteinab Biotech, Cat# 10003-M01, 1:3000 dilution),

anti-p-ERK1/2 antibody (Cell signaling Technology,

#4370, 1:2000 dilution), and anti-ERK1/2 antibody (Cell

signaling Technology, #4696, 1:2000 dilution). The corre-

sponding horseradish peroxidase (HRP)-conjugated anti-

rabbit secondary antibodies (Beyotime biotechnology,

1:1000 dilution) was used, followed by probing with

enhanced chemiluminescence (ECL) western blotting sub-

strate (Beyotime biotechnology P0018AM) and visualized

using Tanon scanner system (Tanon5200).

Immunofluorescence staining

Transfected cells grown on coverslips were washed with

PBS and fixed in 4% PFA, followed by permeabilization

with 0.1% Triton X-100 in PBS. The cells were then

blocked for 1 h in 5% goat serum, followed by incubation

overnight with primary antibodies at 4°C. Anti-FLAG

(Beyotime biotechnology, AF519, 1:200 dilution) and

anti-Calnexin antibody (Abcam, ab22595, 1:500 dilution)

were used. Secondary antibodies were Dylight (488, 594)-

labeled goat anti-mouse and goat anti-rabbit antibodies

(Abbkine Scientific Co., 1:500 dilution). Actin-tracker

Red-Rhodamine (Beyotime Biotechnology, C2207S, 1:200

dilution) was incubated for 45 min in dark after the sec-

ondary antibody to visualize actin. DAPI was used to

visualize the nuclei. Images were captured at 409 objec-

tive with inverted fluorescence microscope (ICX41, Sunny

optical technology).

Cell Counting Kit-8 (CCK-8) assay

HeLa cell suspension was inoculated at 15,000 cells per

well in a 96-well plate for 24 h culture prior to transfec-

tion. Prepared expression plasmids were transfected using

PEI reagent. For each well, 10 ll transfection mixture

including 200 ng of total DNA and 0.5 lg PEI was pre-

pared. After 24 h, 10 lL of CCK-8 solution (Biosharp

Life Science, BS350A) was added to each well of the plate

for 1 h-incubation before absorbance was measured at

450 nm.

Quantitative real-time PCR

Transfected HeLa cells were collected in RNA isolator

(Vazyme Biotech, R401) for total RNA extraction, fol-

lowed by reverse-transcription using HiScript II first

strand cDNA synthesis kit (Vazyme Biotech, R22-01-AB).

cDNA was used for qRT-PCR using SYBR Green Master

mix (Vazyme Biotech, Q311-02-AA) in QUANTAGENE

q225 real-time PCR machine (KUBO biotechnology). The

FLAG-encoding sequence were included in the primers:

CSF1R forward, 50-GCAGCAGCAGTGAGCTGG-30, CSF1R
reverse, 50- CGTCATGGTCTTTGTAGTCG-30; GAPDH

forward, 50- TGCACCACCAACTGCTTAGC-30, GAPDH

reverse, 50- GGCATGGACTGTGGTCATGAG-30. The DDCt
method has been used for fold change analysis using

GAPDH as the internal control.

Statistical analysis

Statistical analysis was performed using the Prism 9 soft-

ware (GraphPad). The biochemical analysis was per-

formed using a minimum of three biological replicates

per condition, and randomization of experimental groups

was not required. Quantification of immunoblots was

conducted with ImageJ. Densities of bands were normal-

ized to individual control before being normalized to the

average of the wild-type group. Two groups were com-

pared using Student’s t-test. Three or more groups were

assessed with one-way ANOVA followed by a post hoc

test for Sidak’s multiple comparisons. All comparisons

were performed whenever possible with all significant

changes being indicated on the graphs. Values are pre-

sented as the mean � standard error of mean (SEM).

Results

Genetic findings and pathogenicity
classification of variants

Overall, about 97.41% of the target bases were covered

with at least 209 per individual, and the mean depth of

coverage for all target regions was 184.28. Only those var-

iants that may affect protein function with extremely low

allele frequency (minor allele frequency below 0.1%)

reported by dbSNP, the Genome Aggregation Database

(GnomAD), NHLBI Exome Sequencing Project

(ESP6500), and Exome Aggregation Consortium (ExAC)

database, were retained after filtering and assumed to be

likely pathogenic. Finally, we identified three novel
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potentially pathogenic variants (AARS2: c.2146-2A>G,
ABCD1: p.S149Hfs*44, GALC: p.G256A) and five known

pathogenic variants (AARS2: p.M151T, ABCD1: p.R554H,

CSF1R: p.F971Sfs*7, CSF1R: p.M875I) in six unrelated

families with leukodystrophy (Fig. 1). All of the three

novel variants were confirmed by Sanger sequencing and

were predicted as harmful effects by computational tools

(Table 1).

Clinical and imaging features of the
patients with potentially pathogenic
variants

In the present study, we identified 8 potentially pathogenic

mutations in 6 (37.5%) of 16 patients, including a patient

with AARS2-related leukoencephalopathy (proband 1), two

patients (probands 2 and 3) with Adrenoleukodystrophy

(ALD), two patients with CSF1R-related leukoencephalopa-

thy (probands 4 and 5), and a patient with Krabbe disease

(proband 6). Among those patients with potentially

pathogenic variants, the mean age at onset was

31.83 � 13.92 years, and 33.3% (2/6) of patients were

females. The clinical characteristics of the six probands are

summarized in Table 2 and described in detail below.

Presentations of patient with AARS2-related
leukodystrophy

The proband 1 in family 2, carrying 2 heterozygous muta-

tions (c.2146-2A>G and p.M151T) in AARS2, was a

33-year-old male patient and presented with cognitive

decline accompanied by changes in personality and

Figure 1. Segregation of identified mutations in the AARS2, ABCD1, CSF1R, and GALC genes. (A and B) Sequence chromatogram of the

c.452T>C (p.M151T) and c.2146-2A>G mutations in the AARS2 gene in family 1, respectively. (C) Sequence chromatogram of the c.1661G>A

(p.R554H) missense mutation in the ABCD1 gene in family 3. (D) Sequence chromatogram of the c.445_449del (p.S149Hfs*44) frameshift

mutation in the ABCD1 gene in family 2. (E) Sequence chromatogram of the c.2909_2910insATCA (p.F971Sfs*7) frameshift mutation in the

CSF1R gene in family 4. (F) Sequence chromatogram of the c.2625G>A (p.M875I) missense mutation in the CSF1R gene in family 5. (G and H)

Sequence chromatogram of the c.658C>T (p.R220*) and c.767G>C (p.G256A) mutations in the GALC gene in family 6, respectively.
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behavior since age 28. As the disease progressed, he

became taciturn with uncontrollable laughing, and soon

needed assistance getting dressed and completing toilet-

ing. His physical examination revealed altered mental sta-

tus with a Glasgow Coma Scale score of 13, along with

unsteady gait and positional horizontal nystagmus. Brain

MRI demonstrated multiple hyperintensity signals in the

periventricular white matter and body of the corpus callo-

sum (Fig. 2A–C). Interestingly, hyperintensity lesions with

restricted diffusion in the corpus callosum were also

observed on diffusion-weighted imaging (DWI). Com-

puted tomography (CT) scan revealed no calcification in

the brain. Genetic analysis showed that the proband car-

ried compound heterozygous mutations in the AARS2

gene (c.2146-2A>G and p.M151T), and his unaffected

parents were all heterozygous.

Presentations of ALD patients with ABCD1
mutations

Proband 2 was a 47-year-old male, carrying the

p.S149Hfs*44 variant in ABCD1, who presented with a

15-month history of cognitive impairment and behav-

ioral symptoms. He was struggling to follow a conversa-

tion and became apathetic, irritable, and emotional

lability. As the disease progressed, he had speech dys-

function including slurred speech and dysarthria,

together with bladder and bowel dysfunction. During

hospitalization, by the age of 47, the patient developed

generalized tonic–clonic seizures. His seizures were well

controlled by sodium valproate monotherapy. The Mini-

Mental State Examination (MMSE) assessment of the

patient yields a low score of 14, indicating severe cogni-

tive impairment. On examination, he exhibited severe

limb apraxia, rigidity, spotty skin pigmentation, along

with episodic memory deficits and executive dysfunction.

The brain MRI revealed hyperintensity signals in the

periventricular white matter and corpus callosum, as

well as the internal and external capsules (Fig. 2D). The

plasma ACTH concentrations were normal, but serum

VLCFA levels were elevated. On follow-up, the patient

continued to experience severe psycho-behavioral symp-

toms and chronic urinary incontinence. Genetic screen

showed that the proband had a novel heterozygous

Table 2. Clinical characteristics and genetic analysis of six probands carrying mutations.

Proband

no Sex

Age

at

onset

(years)

Age at

present

(years) Predominant symptoms MRI features Gene Variants

1 M 28 33 Cognitive impairment; changes in

personality and behavior;

unsteady gait; bladder and bowel

dysfunction

Cerebellum vermis and callosal

atrophy, WM abnormality in the

periventricular and CC, restricted

diffusion on DWI in the CC

AARS2 c.452T>C (p.M151T)

c.2146-2A>G

2 M 46 47 Rapid cognitive decline; behavioral

symptoms; dysarthric; severe

apraxia; rigidity; seizures; bladder

and bowel dysfunction

WM abnormality involving the

periventricular WM, CC, internal

and external capsules

ABCD1 c.445_449del

(p.S149Hfs*44)

3 M 47 53 Progressive bilateral lower

extremity weakness; spasticity;

bladder and bowel dysfunction

WM abnormalities in bilateral

cerebellar hemispheres

ABCD1 c.1661G>A (p.R554H)

4 M 37 49 Seizures; vision impairment MRI at age 37 years old: multiple

confluent T2/FLAIR hyperintense in

the subcortical, juxtacortical and

periventricular

MRI at age 48 years old: WM

abnormality in the periventricular

and subcortical, bilateral optic

nerve changes, CC atrophy

CSF1R c.2909_2910insATCA

(p.F971Sfs*7)

5 F 27 29 Personality and behavioral

changes; cognitive impairments;

slurred speech; bradykinesia;

rigidity; urinary incontinence

Bilaterally periventricular WM

hyperintensity, ventricular

enlargement and CC atrophy

CSF1R c.2625G>A (p.M875I)

6 F 6 19 Unsteady gait; spasticity; urinary

incontinence; constipation

Symmetric T2 hyperintensity of the

corticospinal tracts and the

periventricular WM

GALC c.658C>T (p.R220*)

c.767G>C (p.G256A)

AAO, age at onset; CC, corpus callosum; F, female; M, male; NA, not applicable; WM, white matter.
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missense mutation (c.445_449del, p.S149Hfs*44) in the

ABCD1 gene. His mother was considered to be asymp-

tomatic (without any symptoms of the disease) and died

in an accident when she was 68 years old.

Proband 3 was a 53-year-old male, carrying a het-

erozygous missense mutation (c.1661G>A, p.R554H) in

ABCD1, who experienced bilateral lower extremity

weakness at age 47. As the condition progressed, he

exhibited severe lower limbs spasticity and gait abnor-

mality. Neurological examination revealed hyperactivity

of the upper and lower extremity deep tendon reflexes,

together with bilateral positive Babinski sign. Based on

the results of both clinical and neurological examina-

tion, the patient was initially diagnosed with

hereditary spastic paraplegia (HSP). Over the past

2 years, the patient’s limbs weakness symptoms contin-

ued to progress slowly, and he was struggling with

bladder and bowel dysfunction. Brain MRI showed

white matter abnormalities predominantly in bilateral

cerebellar hemispheres (Fig. 2F). The plasma of ACTH

concentration was in the normal range. The electromy-

ography (EMG) recording showed no abnormalities.

However, the serum VLCFA levels were not available

in the proband. The diagnosis of HSP was no longer

inappropriate at this time, and therefore, adult-onset

leukodystrophy was suspected. Genetic testing revealed

a known pathogenic mutation, p.R554H, in the

ABCD1 gene.

Figure 2. Brain magnetic resonance imaging (MRI) and computerized tomography (CT) findings in patients with genetic leukodystrophies.

Hyperintensities in the body of the corpus callosum (A, arrow) and periventricular white matter (B, arrows) on T2 FLAIR images, and restricted

diffusion on diffusion-weighted MR images (C, arrow), were observed in the patient (proband 1) with AARS2 mutations. (D) Axial T2 FLAIR

images in the patient (proband 2) with ABCD1 p.S149Hfs*44 mutation show hyperintense signal changes involving not only the periventricular

white matter and corpus callosum, but also internal and external capsules. (E) There was no restricted diffusion detected on diffusion-weighted

MR images of the same patient. (F) Axial T2 FLAIR MR images showing nonspecific hyperintensities of the white matter in bilateral cerebellar

hemispheres (arrows) in the patient (proband 3) with ABCD1 p.R554H mutation. (G and H) Axial T2 FLAIR MR images in the patient (proband 4)

with CSF1R p.F971Sfs*7 mutation show hyperintensities in the periventricular and deep subcortical white matter. There was no restricted

diffusion observed on diffusion-weighted MR images of the same patient (I). (J) Axial noncontrast brain CT of the same patient demonstrated no

calcification. Ventricular enlargement and corpus callosal atrophy (M, arrow), with hyperintensities in periventricular white matter on T2 FLAIR

images (K) and restricted diffusion on diffusion-weighted MR images (L), are observed in the patient (proband 5) with CSF1R p.M875I mutation.

(N and O) Axial T2 FLAIR MR images in the patient (proband 6) with GALC mutations show involvement of the corticospinal tracts and

periventricular white matter (arrows).
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Characteristics of patients with
CSF1R-related leukodystrophy

Proband 4 was a 49-year-old male, carrying the

p.F971Sfs*7 mutation in CSF1R, who had a nearly

12-year history of recurrent and stereotyped generalized

motor seizures. He was prescribed the antiepileptic drug

carbamazepine and eventually stopped taking it after

1 year without a seizure, but he developed seizures again

around 4 years after symptom onset. The MRI imaging

scans at the first onset of seizure showed multiple conflu-

ent T2/FLAIR hyperintense lesions involving the subcorti-

cal, juxtacortical, and periventricular white matter,

although the lesions remained grossly unchanged in the

patient’s subsequent annual MRI screening. Based on

the results of both clinical and neuroimaging findings, the

initial diagnosis of multiple sclerosis (MS) was suspected

at that time. As the condition progressed, he experienced

reduced vision in both eyes (0.15 in the right and 0.3 in

the left) at 48 years old. However, his visual field, color

perception, and ocular fundus examination were normal

at presentation. Because of his worsening vision, he was

referred to our hospital. At admission, the proband had

severe visual impairment. His cognitive abilities including

memory and other cognitive domains were relatively

intact. There were no other positive findings in the neu-

rological examination. The brain MRI revealed multiple

small patches of hyperintensity on T2-weighted sequences,

running parallel to the walls of the lateral ventricle, pre-

dominantly in periventricular and deep subcortical white

matter (Fig. 2G,H). Brain computed tomography (CT)

did not show any evidence of calcification (Fig. 2J). The

laboratory tests, VEP, EEG, and CSF analysis were all nor-

mal. The patient received methylprednisolone treatment

(intravenous injection of 1000 mg/day for 5 days) fol-

lowed by oral prednisolone and showed an improvement

in visual acuity. After 3 months, the patient’s visual acuity

continued to deteriorate and recovered again after a

period of high-dose methylprednisolone treatment.

Whole-exome sequencing revealed that the proband car-

ried a known heterozygous missense mutation

(c.2909_2910insATCA, p.F971Sfs*7) in the CSF1R gene.

Genetic testing of the patient’s parents showed that his

mother was an asymptomatic carrier of the same CSF1R

mutation. Moreover, we obtained the brain MRI scan of

the patient’s mother at age 78, without any imaging fea-

tures of leukoencephalopathy.

The proband in family 5, carrying the c.2625G>A
(p.M875I) mutation in CSF1R, was a 29-year-old female

patient and referred to us for the evaluation of psycho-

motor symptoms and cognitive impairments. Two years

before referral, she first noticed significant personality and

behavioral changes, characterized by apathy, taciturnity,

social disinhibition, and depression. Six months later, she

developed slurred speech and speaking problems. The

cognitive decline was exacerbated as the condition pro-

gressed. She developed bradykinesia, rigidity, and urinary

incontinence, and required a wheelchair for mobility. She

scored 12/30 on the MMSE. No relevant family history

was found in the family, and both her parents were

healthy. Neurological examination showed slurred speech,

generalized bradykinesia, rigidity, as well as severe impair-

ment in episodic memory and executive functions. Brain

MRI showed corpus callosal atrophy and ventricular

enlargement, together with hyperintensity of bilaterally

periventricular white matter on T2/FLAIR images with

restricted diffusion (Fig. 2K–M).

Characteristics of Krabbe patient with GALC
mutations

Proband 6 was a 19-year-old female, carrying 2 heterozy-

gous missense mutations (p.R220* and p.G256A) in

GALC, who had noticed an unsteady gait at age 6. As the

disease progressed, she began to experience severe spastic-

ity in the lower limbs, together with delayed walking and

frequent falls. At the age of 10, she had urinary inconti-

nence and constipation. She now needs support for walk-

ing. Neurological examination revealed hyperactive deep

tendon reflexes in both upper and lower extremities and

bilateral positive Babinski sign. The plasma VLCFAs anal-

ysis showed that the activity of galactosylceramidase was

decreased. Brain MRI showed bilateral symmetrical T2

hyperintensity of the corticospinal tracts and the periven-

tricular white matter without any significant diffusion

restriction (Fig. 2N,O). Genetic testing of the patient’s

parents revealed that his parents were heterozygous car-

riers of the p.R220* and p.G256A mutations in the GALC

gene, respectively. Her elder brother was found to be an

unaffected heterozygous carrier of the GALC p.R220*
mutation.

Functional characterization of CSF1R
mutants in vitro

We first constructed the CSF1R mutants and overex-

pressed these transgenes in HeLa cells. A 175 kDa full-

length protein and a weaker cleaved band were observed

in wild-type (WT) CSF1R transfected cell lysate, consis-

tent with the size validated by many antibody manufac-

turers. M875I mutation caused pronounced cleavage of

the full-length protein, while the F971Sfs*7 showed much

less expression of the full-length protein with visible

cleavage similar to the WT (Fig. 3A). Quantification sug-

gested significant reduction of full-length CSF1R in both

mutants and surprisingly increased cleavage only for
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Figure 3. Characterization of CSF1R variants in vitro. (A) Immunoblotting of CSF1R-FLAG in transfected HeLa cells as indicated. fl, Full-length form;

cl, cleaved form. (B) Quantification of A. n = 3 per group. (C) Quantitative analysis of mRNA expression after indicated transfection. n = 4 per

group. WT, wild-type. (D) Immunofluorescence staining of CSF1R-FLAG overexpressing cells and counterstaining with actin-tracker Rhodamine. DAPI

labels the nuclei. Augmented area in the dashed boxes was shown. Scale bar, 20 lm. (E) Immunofluorescence staining of CSF1R-FLAG and

endoplasmic reticulum marker Calnexin in transfected HeLa cells. DAPI labels the nuclei. Augmented area in the dashed boxes was shown. Scale bar,

20 lm. (F) Immunoblotting detection of the level of tyrosine phosphorylation of CSF1R in transfected HEK293T cells after CSF1 treatment as

indicated. IP, immunoprecipitation; sh, short exposure; lo, long exposure. (G) CCK8 assay suggests suppressed cell viability induced by the mutants.

n = 8 per group. (H) Immunoblotting of pERK1/2 and total ERK1/2 in transfected HeLa cells. (I) Quantification of H. n = 3 per group. ns, not

significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (J) ERK1/2 activation after CSF1 treatment in CSF1R-transfected HEK293T cells.

(K) Diverse degree of ERK1/2 activation after acute CSF1 treatment in HEK293T cells transfected with indicated mutants. lo, long exposure; sh, short

exposure. (L) Quantification of K. Fold changes were normalized to untreated CSF1R (WT)-transfected group. n = 3 per group. *p < 0.05.
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M875I mutation (Fig. 3B). Transcriptional analysis con-

firmed reduced CSF1R-FLAG transcripts in both mutants

transfected cells (Fig. 3C).

Next, we assessed the subcellular localization of the

mutants by counterstaining the actin cytoskeleton and the

plasma membrane. FLAG-tag labeling showed broad dis-

tribution of CSF1R-WT at the plasma membrane and the

cytoplasm, with the majority of signal at the perinuclear

region; CSF1R-M875I showed less cell membrane associa-

tion whereas CSF1R-F971Sfs*7 indicated attenuated signal

of expression (Fig. 3D). Furthermore, counterstaining of

CSF1R and endoplasmic reticulum (ER) specific marker

protein Calnexin indicated a highly overlapped pattern of

CSF1R-M875I and Calnexin, while non-ER localization of

CSF1R were also observed for CSF1R-F971Sfs*7, suggest-
ing that both mutants spatially act differently from the

WT (Fig. 3E).

Functional activities and consequences of the variations

were then tested. After acute stimulation with human

macrophage colony stimulating factor (CSF1), CSF1R-WT

showed drastic tyrosine phosphorylation of CSF1R at

5 min and 10 min, indicative of robust and consistent

CSF1R activation. M875I mutant showed completely

abolished activation while F971Sfs*7 mutant was activated

5 min after treatment then activity started to decay

10 min after treatment (Fig. 3F). Cell viability in both

mutant groups indicated by CCK-8 assay was significantly

reduced, and F971Sfs*7 mutant showed slightly higher

cell activity than the M875I group (Fig. 3G). We then

wondered if CSF1R-activated MAPK/ERK signaling path-

way is involved in altered cell activity. CSF1R-WT trans-

fection induced drastic ERK activation compared with the

vector, which was completely abolished by M875I muta-

tion, and F971Sfs*7 mutation showed 53% reduction of

the activation compared to the WT (Fig. 3H,I). Further-

more, CSF1 treatment induced a basal level of ERK acti-

vation in the vector group and enhanced ERK activation

above the baseline in CSF1R-expressing cells, and further

activation was induced by CSF1 stimulation (Fig. 3J). In

line with the phospho-activation of CSF1R, downstream

ERK activation showed similar trends after CSF1 stimula-

tion, that is, CSF1 induced the most robust ERK activa-

tion in the WT group, no activation in the M875I group,

and intermediate level of activation in the F971Sfs*7
group, respectively (Fig. 3K,L). In summary, in vitro vali-

dation suggested the two mutations induced dramatic

depletion of full-length CSF1R expression, partially due to

compromised transcription, in addition to the enormous

protein cleavage found with M875I mutant. Dysfunction

of CSF1R/ERK activation by both mutations may lead to

depressed cell viability, with the detainment of CSF1R-

M875I in the ER likely resulting in a more severe defi-

ciency in ERK activation.

Discussion

Using next-generation sequencing, we identified three

novel pathogenic variants and five previously identified

pathogenic variants among the patients with genetic leu-

kodystrophy in central-southern China. The identification

of three novel variants within AARS2, ABCD1, and GALC

genes expands the mutation spectrum of these genes in

genetic leukodystrophy.

AARS2 and CSF1R are the two genes responsible for

genetic leukodystrophy with similar clinical and radiologi-

cal phenotypes.18 Both CSF1R- and AARS2-related leu-

koencephalopathy patients show a combination of

frontal-predominant cognitive impairment and motor

dysfunction, accompanied by the mostly confluent and

asymmetric white matter involvement predominantly in

the frontoparietal, periventricular, as well as the corpus

callosum, and often with restricted diffusion on

DWI.2 The calcifications observed in bilateral frontal peri-

ventricular white matter are often used to distinguish

CSF1R-related leukodystrophy from AARS2-related

leukodystrophy.19 In the present study, we found two

unrelated CSF1R-related leukodystrophy cases and one

case associated with AARS2 mutations. The patient with

AARS2 mutations showed typical clinical and imaging

features and prominent cognitive decline and behavior

problems consistent with cases previously reported.20 The

two patients with CSF1R-related leukodystrophy shared

similar image features but presented with a large

variation in clinical phenotypes, indicating the remarkable

clinical heterogeneity of the disease. The most frequent

initial manifestation of adult-onset leukodystrophy,

including cognitive deterioration, gait problems, and neu-

ropsychiatric symptoms,21 were not observed in the

patient (proband 4) with mutation CSF1R-F971Sfs*7 who

presented a prominent manifestation of seizures and

vision impairment. Decreased visual acuity and optic

nerve atrophy are rare in CSF1R-related leukodystrophy.

Shu et al. reported a case of a 30-year-old female patient

who experienced decreased visual acuity and optic nerve

impairment.22 Abnormal optic nerve myelin metabolism

and axonal degeneration of retinal ganglion cells may be

the primary ocular pathology process, independent of

typical white matter pathologies in CSF1R-related

leukoencephalopathy.22 Moreover, the p.F971Sfs*7 muta-

tion has previously been reported in a 43-year-old male

patient who experienced rapidly progressive memory defi-

cit and personality change,23 while a slower disease pro-

gression (more than 10 years) was significantly observed

in our patient with the same mutation.

The disease penetrance is age-dependent in CSF1R

mutation carriers, reaching 10% by age 27 years, 50% by

age 43 years, and nearly 95% by age 60 years.5 Of note,
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apparent incomplete penetrance was observed in our

study. Both the p.F971Sfs*7 and p.M875I CSF1R muta-

tion carriers were severely affected since the age of

37 years and 27 years respectively, whereas their mothers

with the same mutation remain asymptomatic. Interest-

ingly, the p.M875I CSF1R mutation has previously been

reported in a family in which the proband’s asymptom-

atic mother was a carrier and had a history of rheumatoid

arthritis with long-term prednisone treatment.16 The

authors also hypothesized that the clinical features of

CSF1R-related leukoencephalopathy might be minimized

by chronic immunosuppression in the patient’s mother,

which resulted in significant correction of altered micro-

glial phenotype and physiologic balance between CSF-1R

and CSF-2R signaling.16 Our findings indicate that vari-

ants of specific genes confer a predisposition to develop

HDLS, with additional genetic and/or environmental fac-

tors that might interact and determine clinical manifesta-

tions of the disease. In this study, we first confirmed the

pathogenicity of the two CSF1R mutations (p.F971Sfs*7
and p.M875I), which had never been reported as patho-

genic with functionally testified.

To date, more than 100 different CSF1R mutations

have been identified, most of which occur in the tyrosine

kinase domain and affect kinase activity.15,24–26 CSF1R is

primarily expressed in the microglia in the CNS where it

mediates cell proliferation, differentiation, and survival.

Upon ligand engagement, CSF1R induces dimerization

and autophosphorylation of the tyrosine residues that

serve as docking sites for multiple downstream kinase sig-

naling pathways.27,28 Recently, a dominant-negative mech-

anism of kinase-deficient CSF1R has been postulated in

CSF1R-related leukoencephalopathy.29,30 Additionally,

microglial CSF1R haploinsufficiency has been reported to

provoke a significant reduction in microglia density and

widespread depletion of microglia in both humans and

zebrafish.31 Together, these data suggest that CSF1R

mutations result in partial loss of function in CSF1R sig-

naling, probably via both mechanisms of dominant-

negative effect and haploinsufficiency. In our study, the

M875I mutant caused pronounced protein cleavage and

F971Sfs*7 mutation showed only 50% of protein expres-

sion, suggesting that these mutations may cause leukodys-

trophy due to haploinsufficiency or loss of function. The

M875I mutation located in the cytoplasmic region may

alter the dimensional conformation, exposing the proces-

sing site for proteases. Pronounced cleavage of M875I

mutant may lead to aberrant ER detainment and deficient

transportation to the plasma membrane. Dysfunction of

CSF1R/ERK activation by both of the mutations, demon-

strated at both baseline condition and CSF1-stimulated

condition, may directly lead to depressed cell viability,

with the detainment of CSF1R-M875I in the ER likely

resulting a more severe deficiency in ERK activation. In

summary, both mutants cause depressed cell activity due

to deficiencies in gene transcription, protein processing,

translocation, and signaling transduction.

Krabbe disease (also called globoid cell leukodystrophy,

GLD) is a rare autosomal recessive disorder caused by a

deficiency of the lysosomal enzyme galactocerebrosidase.

Typical clinical features of late-onset Krabbe disease

include progressive spastic paraparesis, cognitive decline,

ataxia, peripheral neuropathy, and visual loss.2 In this

study, we identified the two variants (p.R220* and

p.G256A) within GALC in the proband of family 6. The

proband presented with juvenile-onset spastic paraplegia

phenotypes, which was consistent with the clinical presen-

tations of previously reported patients with juvenile-onset

Krabbe disease. To date, more than 140 different muta-

tions in the GALC gene have been reported worldwide.32

There is no clear correlation between genotype and phe-

notype in patients with Krabbe disease. Interestingly, the

common GALC 30-kb deletion of European origin

(c.1161 + 6532_polyA+9kbdel) has been reported to cause

the infantile Krabbe disease if present in the homozygous

or compound heterozygous state along with another

mutation.33 While the mutation p.Gly286Asp in exon 8

was found in association with a disease course with a late

onset if occurring as a homozygous or compound hetero-

zygous together with another mutation. In this case, the

juvenile-onset phenotype was probably due to the contri-

bution of novel missense mutation p.G256A, in trans to

the nonsense p.R220* mutation (expected to introduce a

premature termination codon).

Adult-onset adrenoleukodystrophy (ALD) is the most

common adult-onset leukodystrophy that affects the adre-

nal gland and the white matter of the nervous system. In

the adult-onset form, symptoms typically start at 30 to

40 years of age and include progressive stiffness or rigid-

ity, weakness or paralysis of the lower limbs, ataxia, sei-

zures, urinary incontinence, speech disturbances, and

peripheral neuropathy. In our cohort, the p.S149Hfs*44
mutation in ABCD1 caused typical clinical and neuroim-

aging features of adult-onset ALD, while the patient with

p.R554H mutation presented a predominant spastic para-

plegia phenotype. Our results reinforce the notion that

ALD accounts for a significant proportion of spastic para-

plegia entities and should be considered in patients with

proposed HSP.

In summary, our findings expand the mutation spectrum

of these genes in genetic leukodystrophy and provide a bet-

ter understanding of the phenotypic and genotypic profiles

of this disease. Our data also demonstrate that the use of

NGS has great promise as a tool for discovering unknown

or rare genetic mutations associated with leukoencephalo-

pathy. In addition, we have performed in vitro functional
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assays to confirm the pathogenicity of the two CSF1R

mutations (p.F971Sfs*7 and p.M875I). Despite the limita-

tions, our findings provide insights into pathogenetic

mechanisms of CSF1R-related leukodystrophy.
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